Purpose: To characterize the microarchitecture of anterior limbal stroma in healthy individuals using in vivo confocal microscopy (IVCM) and to correlate it with mesenchymal stem cells (MSCs), a component of the limbal niche.
S
tem cells of the corneal epithelium reside in the basal limbal layer at the corneoscleral junction. Dysfunction or deficiency of these limbal epithelial stem cells (LESCs) either due to inherited (aniridia, congenital erythrokeratodermia) or acquired (thermal/chemical injury or chronic inflammatory) diseases disrupts corneal epithelial homeostasis, leading to conjunctivalization, neovascularization, and eventually blindness. This condition is known as limbal stem cell deficiency (LSCD). In the past, diagnosis of LSCD rested primarily on the history and clinical signs, 1 with confirmation by histology 2 and impression cytology. 3 With the advent of laser scanning in vivo confocal microscopy (IVCM), live imaging of the corneolimbal epithelial architecture in healthy individuals [4] [5] [6] [7] and in patients with LSCD 2,3,8 became possible. Confirmation of loss of palisades of Vogt (POV) and conjunctivalization by IVCM is now an adjuvant to diagnose LSCD.
IVCM scanning in the above studies focused on the POV [2] [3] [4] [5] [6] [7] [8] in the limbus but not on the microarchitecture of the limbal stroma. Recent studies using tissue from deceased donors examined the cellular components of the anterior limbal stroma and their role in the maintenance of stemness in the basal epithelium. [9] [10] [11] [12] However, the structure and function of the anterior limbal stroma has not been studied in vivo in normal individuals or in patients with LSCD. Hence, the former is the objective of the present study using IVCM.
MATERIAL AND METHODS

In Vivo Confocal Microscopic Analysis of Limbus and Cornea in Healthy Individuals
Study Subjects
Normal subjects with prominent POV in the superior limbus as observed under slit-lamp biomicroscopy were recruited. Exclusion criteria were a history of ocular trauma, previous eye surgery, contact lens wear, and ocular or systemic disease that might affect the cornea and limbus. After obtaining written informed consent, a total of 30 eyes of 17 healthy subjects (7 men and 10 women) were studied. The median age of the subjects was 30 (range, 24-62) years. The research adhered to the tenets of the Declaration of Helsinki and the study was approved by the Institutional Ethics Committee of Aravind Eye Care System.
IVCM Examination
IVCM examination of central cornea and superior limbus was performed using the Heidelberg Retina Tomograph III (HRT III) with Rostock Corneal Module (RCM) (Heidelberg Engineering, Dossenheim, Germany), after anesthetizing the eye with 0.5% proparacaine ophthalmic solution (Aurocaine; Aurolab, Madurai, India) as described earlier. 6 GenTeal gel (Novartis India Limited, Mumbai, India) was used as a coupling agent between the applanating lens cap (TomoCap; Heidelberg Engineering) and HRT III RCM. During acquisition of images, the subjects were instructed to focus on the instrument's red light fixation that was moved until the eye was in the imaging axis of RCM. The operator manually moved the RCM objective lens until the first epithelial layer was in focus. For accurate measurements, pachymetry reading was set to zero at the image that captured the anteriormost epithelial cell layer. The 2-dimensional images comprised 384 · 384 pixels, with a 400 · 400 mm field of view. The motorized lens and digital camera of the IVCM automatically captured an image stack, called a volume scan, consisting of 40 consecutive images taken with 2 mm between each image. A minimum of 5 volume scans were taken in several locations in the corneal side of the superior limbus, extending from the epithelium to the deepest stromal level at which structures could be resolved. In 6 eyes of healthy individuals, the scleral side of the limbus was also scanned similarly.
Analysis of IVCM Images
The cell density of basal and wing cells of corneal and limbal epithelium was measured using the IVCM Heidelberg Eye Explorer software (Heidelberg Engineering) in manual cell count processing mode. A mean cell density was calculated from the 3 best in-focus frames of each layer examined. The cell diameter was measured using ImageJ software (National Institute of Health, Bethesda, MD). The depth at which various types of cells occur in limbus and cornea was estimated by 2 independent observers (G.P.C. and S.M.) using the IVCM pachymetry. A minimum of 3 scans were used for each eye and a mean value was calculated.
Confocal Microscopic Analysis of Immunostained Corneolimbal Tissues From Deceased Donors Samples
Human tissues were handled according to the tenets of the Declaration of Helsinki. Fresh enucleated cadaver globes of donors less than 75 years of age, without any evidence of trauma or surgery, were procured within 6 hours of death from the Rotary Aravind International Eye Bank at Aravind Eye Hospital, Madurai. 13 
Histology and Immunostaining
Tangential sections of paraffin-embedded corneolimbal tissues from 3 different donors were stained with hematoxylineosin following standard methods. For immunostaining, serial 5 mm cryosections of corneolimbal tissues were processed as described earlier. 13 The primary antibodies used were Thy1 mouse monoclonal immunoglobulin G1 (CD90) or endoglin mouse monoclonal immunoglobulin G1 (CD105).
Confocal Microscopy
Fluorescence z stack images were acquired using a confocal microscope (Leica AOBS-TCS SP2; Leica, Heidelberg, Germany) as described previously. 13 To distinguish between Alexa 633 and PI, false color (blue) was given to PIstained nuclei.
Statistics
Mean and SD were calculated. N The nonparametric Mann-Whitney U test was applied for comparing 2 variables (STATA version 11.0; Stata College Station, TX). A value of P , 0.05 was considered significant.
RESULTS
IVCM Analysis
The central cornea from epithelium to endothelium (Figs. 1A-G) and the superior limbus from epithelium to stroma (Figs. 1H-N) were scanned.
Organization of the Cornea
The superficial epithelial cells appeared polygonal with bright cytoplasm and nucleus with a perinuclear dark halo 1D ) was observed at a mean depth of 46.8 (6 7.4) mm from the surface epithelium. The keratocytes in the corneal stroma (48-622 mm) had bright oval nuclei with transparent cell bodies, and the connecting lamellae appeared dark (Fig. 1E ). Descemet membrane was thin without cells (Fig. 1F) . The endothelium appeared as a layer of uniform hexagonal cells arranged in a honeycomb pattern (Fig. 1G) .
Organization of the Limbus
Limbal Epithelial Architecture Sequential scanning of the limbus (corneal side) from suprabasal epithelium deep into the stroma is shown for 1 subject (Fig. 2) . The wing cells in the suprabasal layer of limbus (27.0 6 14.2 mm thick) were similar to those seen in the cornea with highly reflective well-demarcated cell borders and dark intracellular regions (Figs. 1I, 2A) . In contrast, the basal cells in the limbal palisades of Vogt (39.9 6 16.6 mm thick) were hyperreflective with indistinguishable borders (Figs. 1J, K, 2B ). Morphometric analysis revealed that these cells were significantly smaller in size than corneal basal epithelial cells (Table 1) . Dendritic cells with their bright cell body and processes were observed as a layer immediately beneath the epithelial cells (Figs. 1K, 2C ).
Limbal Stromal Architecture
Clusters of hyperreflective structures were seen at a mean depth of 50.2 6 8.7 mm in the anterior limbal stroma subjacent to basal epithelium (Fig. 2C) . These individual clusters extended posteriorly (up to 98 6 12.8 mm) to form a continuous nonhomogeneous structure with varying intensities of brightness (Fig. 1L) . At the deeper level, they were seen surrounding the blood vessels, which appeared as dark streaks at a depth of 60.0 6 8.4 mm (Figs. 1M, 2D, E) . While imaging, bright moving blood cells were seen within the dark streaks. The hyperreflective structures were also observed in the interpalisade regions, extending from the clusters in the anterior stroma. They formed continuous hyperreflective linear strands, lined by the basal epithelial cells (Fig. 3) . In the subsequent confocal images of the stroma (up to 158 mm), keratocytes with bright nuclei were observed (Figs. 1N, 2F) . The above findings were confirmed in the oblique sections through the stroma of the cornea (Fig. 4A) and limbus (Fig. 4B) . The hyperreflective structures were observed in the corneal side of the limbus in all 30 eyes.
The anterior limbal stroma at the scleral side of POV was scanned in 6 eyes. Hyperreflective linear strands were observed between the rete pegs, lined by bright limbal basal epithelial cells (see Figure 1A , Supplemental Digital Content 1, http://links.lww.com/ICO/A262). At a deeper level, the stroma below the rete pegs appeared totally hyperreflective, alternating with dark areas corresponding to the interpalisade region (see Figure 1B , Supplemental Digital Content 2, http:// links.lww.com/ICO/A262). In contrast to the cluster of hyperreflective structures seen in the corneal side of the limbus, the stromal hyperreflection in the scleral side was homogeneous. Keratocytes were not seen in this region.
Identification of MSCs in Anterior Limbal Stroma
Tangential sections of limbus from deceased donors stained by hematoxylin-eosin were used to examine the cellular organization in the limbal stroma. A large number of individual cells and highly compact clusters were observed in the anterior stroma, extending into the interpalisade region (Fig. 5) . Confocal microscopic analysis of tangential sections, immunostained for MSC-specific markers revealed the presence of clusters of cells double positive for CD90 and CD105 in the anterior limbal stroma at the corneal side (Fig. 6A) . Similar clusters were not observed in the corneal stroma. This was confirmed by observing several sequential images of the cornea (data not shown). The location of CD90-positive and CD105-positive cells corresponded to the hyperreflective clusters in IVCM images subjacent to the basal limbal epithelium (Fig. 6) . The hyperreflective structures located subjacent to the limbal basal epithelium and between the interpalisade ridges were identical to the clusters of MSCs.
A composite picture was prepared using IVCM scans at 6 successive regions from the peripheral cornea to sclera, at the horizontal and vertical levels (see Figure 2 
DISCUSSION
In vivo confocal microscopy has gained prominence in ophthalmology as a noninvasive tool to image the cornea from epithelium to endothelium in healthy eyes and in pathological conditions including corneal dystrophies, keratoconus, iridocorneal endothelial syndrome, and infectious keratitis due to acanthamoeba, fungi, and herpes virus. [14] [15] [16] It has also produced live images of the corneal and limbal epithelial architecture in LSCD (Table 2) . Confocal microscopy can also document the progressive changes in POV in patients with different grades of aniridia-related keratopathy. 17 Our IVCM analysis of the corneal and limbal epithelium (Fig. 1, Table 1 ) confirmed earlier reports on the cell size and density. 5, 6 Our study added data regarding the thickness of the corneal and limbal epithelial layers (Table 1) . Earlier studies limited the use of IVCM to examine POV in healthy individuals and patients with LSCD. There is no detailed IVCM study of the limbal stroma, except for a brief report by Kobayashi and Sugiyama. 4 In the present study, we carried out IVCM analysis of the limbus, beyond the basal epithelium to the deepest stromal level at which structures could be resolved. The presence of unique hyperreflective clusters subjacent to the limbal basal epithelium was observed in the anterior limbal stroma and surrounding blood vessels at deeper layers (Fig. 2) . Similar nonhomogeneous hyperreflective structures can be seen in the limbal stroma toward the corneal side in the montage pictures in earlier reports 5, 6 ; however, they were not described. Similarly, the stromal cords in between the basal epithelium of POV as reported by others 6, 7, 18 are comparable with the hyperreflective linear strands described in the present study (Fig. 3) .
Tangential sections stained by hematoxylin-eosin (Fig. 5 ) revealed a large number of stromal cells either as clusters or as individual cells in the anterior limbal stroma adjacent to the basal epithelium. Other researchers similarly described high cellularity in the anterior limbal stroma in phalloidin green and propidium iodide-stained confocal sections. 19 The cellular components in this region include (1) ABCG2-and PAX6-positive multipotent stromal stem cells, 20 (2) vimentin-positive mesenchymal cells, expressing ESC markers, 9 and (3) CD34-, CD31-, Flk-1-, VWF-positive stromal cells. 12 In another study, we demonstrated the presence of clusters of CD90-and CD105-positive MSCs in the native anterior limbal stroma, along with vimentin-positive mature keratocytes distributed singly (unpublished data). Immunohistochemical analysis of tangential sections of limbal tissues revealed the profile, location, and distribution of the CD90-and CD105-positive cells at different depths of anterior limbal stroma (Fig. 6 ).
The precise mechanism causing hyperreflection in the anterior limbal stroma on IVCM is not clear. Image formation is based on the number, size, and orientation of the organelles or particles scattering light. The CD90-and CD105-positive cells, which were observed as clusters of closely packed cells in the anterior limbal stroma subjacent to basal epithelial cells (Figs. 6A, E), may form the hyperreflective clusters just posterior to the bright basal epithelium. Other factors that scatter light in that region include, keratocytes and the unique extracellular matrix. The hyperreflection is not an artifact as it was possible to identify keratocytes with normal appearance beyond this region. Thus, the hyperreflective structures and clusters of MSCs were found to be similar in terms of their location, organization, and distribution in the anterior limbal stroma and the POV (Fig. 6) .
The anterior limbal stroma is responsible to maintain stemness in the limbal basal epithelium. 9, 10 MSCs in the limbal stroma are more primitive than those in corneal stroma and support LESCs, demonstrating that these stromal stem cells constitute a component of the limbal niche (unpublished data). Therefore, it is possible that the hyperreflective structures on IVCM represent the limbal stromal niche. Studies on patients with LSCD will shed additional data on the role of these structures in pathologic states.
In conclusion, we demonstrate that the previously undescribed hyperreflective structures in the anterior limbal stroma probably represent an important component of the limbal niche.
